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Abstract 
Debris distribution and dielectric fluid flow within the machining gap in electrical discharge machining (EDM) are important 
factors related to stable and precision machining. Hence understanding of the debris removal process is essential in improving EDM 
process. In this research, electrode jump motion with different jump heights and speeds was investigated to comprehend its effect 
on the fluid flow and debris-fluid interaction. A simplified fluid dynamics model characterizing the motion of the square shape 
electrode was established to study theoretically the effect of electrode jump speed on the debris-fluid flow. A setup to realize the 
electrode motion was designed. The Z-axis equipped with a linear motor was used to provide high speed jump function. The flow 
images were recorded by a high-speed camera, and the flow of the debris inside the hole was captured for analysis. Analytical 
results show that the fluid pressure at the bottom region of the electrode would reduce with the increase of electrode jump speed. 
Bubbles are generated once this pressure falls below the vapor pressure of the fluid. For the square shape electrode, it is found from 
the experiment that bubbles are prone to occur when the machining depth is increased. The result also shows that debris can be 
excluded easier when the electrode jump height is larger than 1/4 machining depth. Furthermore, using a large jump height 
incorporated with an electrode jump speed near the critical speed of bubble generation results in the most effective debris removal. 
On the other hand, the flow field of a high aspect ratio thin and flat electrode is different from that of the square electrode. There is 
no bubble generated during high-speed jump motion. The findings of this paper can be taken as the basis for choosing appropriate 
parameters of electrode jump motion in EDM deep cavity drilling. 
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1. Introduction 
In the die-sinking electrical discharge machining 
(EDM) process, the debris removal capability is a crucial 
factor for its machining stability. The machining 
efficiency and surface quality after the machining are 
directly influenced by the debris removal capability. 
Hence, establishment of the debris removal model is of 
great help to die-sinking EDM stability and efficiency 
improvement. 
As it is difficult to observe and measure the debris 
inside the hole, some studies constructed debris removal 
model theoretically to further understand the formation 
and exclusion mechanism of the debris in electrical 
discharge machining. Dong [1] referred to the basic 
model analysis method for debris removal proposed by 
the predecessors and pointed out that if the electrode is 
pulled up too quickly and the speed exceeds a certain 
critical value, the small side clearance is likely to lead to 
blockage of the fluid flow, which causes temporary 
vacuum at the bottom. Cetin et al. [2, 3] observed the 
dielectric flow and debris distribution at the side gap 
when the electrode jumps in a dummy workpiece. By 
using PIV technique and analysis they found that small 
electrode jump height would cause the debris particles in 
the gap to redistribute, which may lead to secondary 
discharge. Kunieda and Mori [4] studied debris transport 
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in EDM and found that dispersive effect due to bubble 
expansion was more dominant than the drift effect 
provided by the flushing flow. Takeuchi and Kunieda [5] 
investigated the influence of bubbles volume fraction in 
EDM gap on surface roughness, discharge crater and 
debris size which effect machining stability and removal 
rate. Wang et al. [6] observed a 32 mm machining depth 
EDM process by using a 20 mm in diameter transparent 
material and a copper wire inside as the electrode. They 
concluded that debris was rapidly excluded due to 
bubbles at the beginning, and the exclusion became 
weaker as discharge continued. They also found that 
jump speed and height are effective parameters in debris 
exclusion. 
This paper consists of two parts. The mathematical 
model relating the fluid pressure beneath the electrode 
with machining depth, electrode jump speed and jump 
height for the square cross section electrode is derived in 
the first part. In the second part, the appropriate jump 
speeds and heights at various specific machining depths 
are investigated through experimental observation of the 
flow of the debris. The flow of the debris for the high 
aspect ratio thin electrode is also studied.  
2. Theoretical analysis of the flow field beneath the 
electrode 
During the die-sinking EDM debris removal process, 
if the electrode is pulled up at a very high speed, then it 
is likely to create low pressure field beneath the 
electrode when the speed exceeds a critical value. Once 
this pressure is lower than the vapor pressure of the 
dielectric, the liquid rapidly turns into gas and 
evaporates within the dielectric. This in turn generates 
bubbles beneath the electrode. The bubbles will block 
the fluid flow, and prevent the fresh fluid from filling 
into the bottom space along the gap of the electrode 
when the electrode is lifting. As a result, the fluid 
beneath the electrode cannot mix completely with the 
debris. Besides, the debris at the bottom of the cavity is 
not able to move up to the level of electrode jump height. 
This condition is unfavorable for debris removal.   
 
Fig. 1. Schematic diagram showing one cycle of the electrode jump 
 
Fig. 2. Coordinate system and notations used in analysis 
The jump speed and jump height of one complete jump 
of the electrode are illustrated in Fig. 1. For the square 
cross section electrode, the fluid in the side gap is 
simplified as the thin-film flow between two plane plates 
with one plate fixed and the other moves at a constant 
speed. Fig. 2 is a schematic diagram of the coordinate 
system and notations used in analysis. 
In deriving the relationship of the fluid pressure 
beneath the electrode with machining depth, electrode 
jump speed and jump height, it is assumed that the fluid 
is a Newtonian fluid such that the viscosity and density 
of the fluid denoted by μ and , respectively are both 
constants. It is a quasi-steady flow that body force is 
neglected. u and v are the velocities in x and y direction, 
respectively. The width of the plate is comparatively 
large that the there is no flow perpendicular to the plate 
and flow direction, i.e. v(y) = 0. The thin film is a fully-
developed boundary layer. Based on these assumptions, 
the Naiver-Stokes equation can be simplified as 
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If the gap between electrode and workpiece is h, then the 
boundary condition is 
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The flow rate will be 
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The pressure beneath the electrode decreases with the 
increase of electrode jump speed. Let xi and Pi represent 
the position and the corresponding pressure and L be the 
machining depth, then by assuming that the electrode 
reaches the maximum speed at central position it can be 
obtained that  
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where in the above expressions Hj is the jump height, 
and Dg is the bottom gap between the workpiece and 
electrode.  
Under the condition of no bubbles generated during 
the electrode jump, the sum of the flow from four side 
gaps of the squared cross section electrode shall equal to 
the volume change beneath the electrode when it is 
pulled up, and the following equation can be inferred: 
04 2VllQ  (9) 
where l is the side length of the electrode. 
After substituting Eq. (8) into Eq. (5) and Eq. (6) and 
then substituting the result into Eq. (9), yields the 
following equation: 
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Rearrange Eq. (10), and the following equation can 
be derived: 
g
HL
pp
hl
hV
j 2
1
)2(3
21
3
   (11)  
Since (l  2h) is larger than 0, it can be readily obtained 
from Eq. (11) that the critical jump speed V decreases 
with the increase of L under a fixed Hj. In other words, 
under the same jump height condition, the critical speed 
is much higher in shallow machining since bubbles 
beneath the electrode are not created easily. On the 
contrary, the critical speed is comparatively low in deep 
cavity machining. Hence, selection of the appropriate 
jump speed is very important for effective debris 
removal. It is noted that the effect of Hj cannot be 
inferred from the above analysis since only the flow of 
side gap is modeled, in which L is the dominant 
parameter. The pressure drop at the bottom gap is not 
taken care. However, this can be derived by lubrication 
theory. The model will be strongly influenced by Hj and 
electrode dimensions but almost independent of L. 
Hence, the relation between L and critical jump speed 
given in Eq. (11) is still applicable. 
3. Experiment setup and procedures 
The debris exclusions under different combinations of 
machining depth L, jump height Hj, and jump speed V 
are studied by simulation. For easy observation and 
verification of the derived expression an experiment 
setup as depicted in Fig. 3 is designed. An 8 mm square 
electrode and a 20 mm  1.14 mm wide thin-wall 
electrode are used separately for jumping tests. Z-axis is 
equipped with a linear motor so that high speed jump of 
the electrode can be achieved. To easily visualize the 
fluid and debris in the gap, both the workpiece and work 
tank are made of transparent acrylic. Both side and 
bottom gaps are 0.1 mm. The volume concentration of 
debris in the experiments is in the range of 11~16įġThe 
flow of debris during the electrode jump motion is 
captured by the high-speed SV9M001C camera (EPIX, 
the maximum capture rate is 500 fps). The rectangular 
area enclosed by dark bold line in Fig. 4 is the view of 
field captured by the camera for analysis. 
During the experiment, different jump speeds for 
each jump height are tested. For each jump condition the 
electrode is lifted once only so that the flow of the debris 
can be visualized and understood more comprehensively. 
The parameters used in the experiments for debris 
removal simulation and observation are given in Table 1. 
4. Results 
4.1. The case when the square electrode is lifting 
The relative positions of the workpiece, electrode, 
machining surface and dielectric level when the camera 
is taking the shot are also shown in Fig. 3. The distance 
between the dielectric level and the work surface is 20 
mm. The speed mentioned thereafter is the maximum 
value when the electrode jumps to half of the jump 
height position.  
 
Fig. 3. Schematic diagram of experiment setup 
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126   Y.S. Liao et al. /  Procedia CIRP  6 ( 2013 )  123 – 128 
Table 1. Parameters used in the experiments
Jump speed (mm/s)
50, 75, 100, 150, 200, 300, 400,
500, 600
Jump height (mm) 2.5, 5, 10, 15, 20, 30, 40
Electrode dimension
8 mm*8 mm
20 mm*1.14 mm
Dielectric Idemitsu IP-2028
Fig. 4. Schematic diagram showing the area of the captured image
Fig. 5(a) and Fig. 5(b) show the images when the 
electrode is at the highest position of electrode jump for 
the jump height of 20 mm under the jump speed of 100
mm/s and 300 mm/s, respectively. The dark part in the
lower half of the figure is the mixture of debris and
dielectric. The brighter part in Fig. 5(b) is the bubbles 
beneath the electrode when the electrode is pulled up 
rapidly. Comparing these two figures, it is readily found
that there are bubbles generated beneath the electrode 
when the electrode is lifting with its jump speed higher
than the specific critical value.
Fig. 6 shows the captured photo under the jump height
of 40 mm and jump speed of 200 mm/s. It is obviously 
that when the machining depth is much greater, bubbles
are easier generated under a lower electrode jump speed
condition. The critical jump speeds which may result in 
bubbles generation for various machining depth with
different jump height are given in Fig. 7. It can be seen 
that there are no bubbles generated during electrode 
jump for the case of 20 mm machining depth. When the
machining depth is increased to 40 mm and 60 mm, 
bubbles are observed once the jump height is over 20
mm. In case of 80 mm machining depth, bubbles are 
found under a very small jump height condition. In this
case it is 10 mm. These results are consistent with the
theoretical analysis that it is more easily to generate
bubbles in deep cavity machining.
4.2. The case when the square electrode makes one
complete jump cycle
The debris is easier to be extruded from the gap when 
the full cycle of electrode jump is conducted. In 
machining a depth of 20 mm, it is noted that there is 
debris extruded from the gap even at a very low jump
speed of 75 mm/s under a 5 mm jump height condition.
Fig. 8 shows the region of jump height and speed where 
debris exclusion is feasible when the machining depth is 
20 mm. The lower curve (red curve) in the figure
represents the speed when the debris removal starts 
effective, and the upper curve (blue curve) is the
maximum speed which the linear motor used in the 
study could reach. The range between these two curves,
namely the blue area in the chart, is the parameters of 
jump height and speed which can lead to satisfactory
debris exclusion.
When the machining depth is increased to 40 mm, 
obvious bubbles are seen when the jump height is 20
mm and the jump speed is increased to 300 mm/s. Under 
the same machining depth, it is also found that the
electrode jump assisted debris removal becomes less 
effective once bubbles are generated.
Similar plot for the machining depth of 40 mm is 
given in Fig. 9. In the figure the red curve denotes the 
condition that bubbles appear. Again the blue region is
the feasible region for debris exclusion. It is found from 
actual observation that the most effective debris removal 
is obtained if the electrode jumps under the condition 
which is close to the red curve.
Fig. 10 shows the 60 mm machining depth case. The 
green curve in the figure is the speed curve where there 
are too many bubbles generated that debris exclusion is
no longer valid. If the jump speed greater than that 
depicted in the curve is used, the debris deposited at the 
bottom is rarely decreased after the full cycle of the
electrode jump.
Fig. 5. Captured image for the machining depth L= 80 mm and jump 
height Hj = 20 mm under the jump speed of (a) Js= 100 mm/s; (b) Js=
300 mm/s
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Fig. 6. Captured image for the machining depth L= 80 mm and jump
height Hj = 40 mm under the jump speed of Js = 200 mm/s
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Fig. 7. Relationship between electrode jump height and critical jump 
speed for various machining depths when bubbles are produced
Fig. 8. Region of jump height and speed where debris removal is 
feasible for a 20 mm machining depth case
The blue area in Fig. 10 represents the conditions
without bubbles hence satisfactory debris removal can 
be accomplished. On the other hand, a higher jump
speed will lead to less debris removal if the condition in 
the red region is selected.
The plot characterizing the debris removal for the 80
mm deep cavity machining is shown in Fig. 11. It is very
similar to that displayed in Fig. 10. Since the machining
cavity is very deep, bubbles are seen at very low speed 
of 100 mm/s when the jump height is over 30 mm.
Hence the feasible region of debris removal becomes 
smaller. The amount of debris removed reduces
significantly since big bubbles are generated as a result 
Fig. 9. Region of jump height and speed where debris removal is
feasible for a 40 mm machining depth case
Fig.10. Region of jump height and speed where debris removal is 
feasible for a 60 mm machining depth case
Fig.11. Region of jump height and speed where debris removal is 
feasible for a 80 mm machining depth case
of a very high jump speed if the operation condition falls
in the red region.
Factions of debris removal under different jump 
speeds are compared to better understand the influence
of bubble. Taking the 80 mm machining depth 
experiment as an example, the captured image of debris
before and after electrode jump under the jump height of 
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Fig. 12. Debris at the bottom of the cavity before the electrode jump 
(left) and remained after the electrode jump (right) under (a) jump 
speed of 100 mm/s; (b) jump speed of 300 mm/s (L = 80 mm. Hj = 30 
mm) 
30 mm and speed of 100 mm/s is shown in Fig. 12(a). 
The result obtained under the same jump height but a 
higher jump speed of 300 mm/s is given in Fig. 12(b).  
The volume fractions of debris removal under 100 mm/s 
and 300mm/s jump speeds are 59% and 53%, 
respectively. This result confirms previous discussion 
that the bubbles are prone to take place at a higher jump 
speed.  
4.3. Debris exclusion in jump motion of a thin-wall 
electrode 
A thin-wall aluminum alloy with the cross section of 
20 mm ×1.15 mm was put into the acrylic hole to 
simulate the fluid flow inside the workpiece under 
various jump conditions. Based on the observation, it is 
found that the debris flow in the gap is hampered and the 
debris exclusion becomes more difficult as compared 
with square electrode machining case.  
For the 30 mm machining depth, the jump height of 
15 mm is needed under the jump speed of 300 mm/s for 
the final level of debris to be close to the machining 
depth. When the machining depth is 60 mm, there is no 
observation of the fluid containing the debris removing 
from the gap unless the jump height is larger than 30 
mm with jump speed over 300 mm/s as shown in Fig. 13. 
Hence, it is concluded that the jump height shall be 
greater than one half of the machining depth in order to 
satisfactorily remove debris. Meanwhile, the vortex of 
the fluid will not be generated if the electrode jump 
speed is too low. Under this condition, the debris will 
deposit at the bottom of the cavity and lead to poor 
debris removal. But unlike the square electrode 
machining case, the bubbles are not generated in thin-
wall electrode machining under high jump speed 
conditions. 
 
Fig. 13. Position of the fluid with debris after being extruded and rising 
when the electrode jumps under the condition of 30 mm jump height 
and 500 mm/s jump speed 
Hence, the faster the electrode jumps, the better the 
debris excludes. It is inferred that when thin-wall 
electrodes are used for deep cavity machining, the large 
jump height and speed shall be chosen to facilitate debris 
removal. 
5. Conclusions 
An expression relating the critical jump speed with 
jump height and machining depth is derived. A better 
debris removal can be obtained with a higher jump speed 
for a shallow cavity machining. In deep cavity 
machining, the jump height greater than one fourth of 
the machining depth shall be taken to avoid the 
generation of bubbles and favor high aspect ratio die- 
sinking electrical discharge machining process. In 
addition, a jump speed near the critical speed of bubble 
generation results in the most effective debris removal. It 
is much better for thin-wall electrode to use the jump 
height greater than a half of the machining depth for 
removing debris. A high electrode jump speed can more 
easily drive the debris at the bottom to flow and lead to 
better debris removal.  
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